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SUMMARY

Hypoxia is a universal driver of aggressive tumor behavior, but the underlying mechanisms are not 

completely understood. Using a phosphoproteomics screen, we now show that active Akt 

accumulates in the mitochondria during hypoxia and phosphorylates pyruvate dehydrogenase 

kinase 1 (PDK1) on Thr346 to inactivate the pyruvate dehydrogenase complex. In turn, this 

pathway switches tumor metabolism towards glycolysis, antagonizes apoptosis and autophagy, 

dampens oxidative stress, and maintains tumor cell proliferation in the face of severe hypoxia. 

Mitochondrial Akt-PDK1 signaling correlates with unfavorable prognostic markers and shorter 

survival in glioma patients and may provide an “actionable” therapeutic target in cancer.
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INTRODUCTION

Hypoxia is a nearly universal feature of tumor growth (Hockel and Vaupel, 2001), conferring 

worse disease outcome via protection from apoptosis (Graeber et al., 1996), resistance to 

therapy (Tredan et al., 2007), and enhanced metastatic competence (Cox et al., 2015). This 

pathway requires the transcriptional activity of hypoxia-inducible factor 1 (HIF1), a master 

regulator of oxygen homeostasis (Keith et al., 2012) that becomes stabilized upon drops in 

oxygen pressure by escaping prolyl hydroxylation and proteasome-dependent destruction by 

the von Hippel-Lindau tumor suppressor (Semenza, 2013). In turn, nuclear localized HIF1 

contributes to oncogene signaling (Mazumdar et al., 2010), angiogenesis (Ravi et al., 2000), 

cell invasion (Gilkes et al., 2014), and tumor metabolic reprogramming.

In this context, mitochondria are the primary site of hypoxia-induced metabolic 

reprogramming in tumors (Denko, 2008). This response involves HIF1-dependent 

transcription of mitochondrial pyruvate dehydrogenase kinase (PDK) (Kim et al., 2006; 

Papandreou et al., 2006), which in turn phosphorylates the pyruvate dehydrogenase complex 

(PDC) on three separate sites (Patel et al., 2014). By suppressing the oxidative 

decarboxylation of pyruvate into acetyl-CoA (Patel et al., 2014), an active PDK shuts off 

oxidative phosphorylation, lowers the production of toxic ROS, and switches tumor 

bioenergetics towards glycolysis (Denko, 2008), a driver of more aggressive disease traits 

(Gatenby and Gillies, 2004). What has remained unclear, however, is whether HIF1-

dependent transcription is the sole mechanism for PDK activation in hypoxia (Kim et al., 

2006; Papandreou et al., 2006), and the existence of other potential regulators of this 

response has not been widely investigated. In this study, we examined mechanisms of the 

tumor response to hypoxia.
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RESULTS

A mitochondrial Akt phosphoproteome in hypoxia

We began this study by profiling the mitochondrial phosphoproteome of prostate 

adenocarcinoma PC3 cells exposed to severe hypoxia (<0.5% oxygen for 48 hr) versus 

normoxia. A total of 4,236 phosphosites were identified in the phosphopeptide-enriched 

samples, with a large number of changes in phosphorylation level in hypoxia/normoxia 

samples (Figures 1A and S1A). In total, 1,329 phosphosites showed a significant change 

(minimum fold-change of 1.6) in at least one sample analyzed (Figure 1A). By 

bioinformatics analysis, the mitochondrial phosphoproteome in hypoxia contained regulators 

of organelle integrity, bioenergetics, gene regulation and proteostasis (Figure 1B), which are 

functionally implicated in tumor cell proliferation, motility, invasion and apoptosis (Figure 

S1B). To complement these data, we also examined changes in the global mitochondrial 

proteome in hypoxia versus normoxia. A total of 5,583 proteins were identified in this 

analysis, and 267 of these proteins showed a significant change in hypoxia/normoxia 

samples (Figure S1C). Many of the phosphosites were not modulated at the protein level, 

suggesting that these phosphorylation events were independent of protein expression. In 

addition, the hypoxia-regulated mitochondrial phosphoproteome contained a discrete “Akt 

signature” (Figure 1A), characterized by increased phosphorylation of six Akt target proteins 

in hypoxia versus normoxia (Figure 1C).

Based on these results, we next looked at a role of Akt in the tumor response to hypoxia. 

Exposure of PC3 cells to hypoxia resulted in increased recruitment of Akt to mitochondria, 

whereas the cytosolic levels of Akt were unchanged between hypoxia and normoxia (Figures 

1D and S1D). The hypoxia-regulated pool of mitochondrial Akt was “active” as it was 

phosphorylated on Ser473 (Figure 1D) and persisted for up to 24 hr after re-oxygenation 

(Figures 1E and S1E). Consistent with these results, hypoxia was accompanied by increased 

phosphorylation of a set of mitochondrial proteins recognized by an antibody to the Akt 

consensus phosphorylation sequence, RxRxxS/T (Akt cons Ab) (Figure 1F). Preincubation 

of mitochondrial extracts with Akt cons Ab (Figure 1F), or silencing Akt2 by small 

interfering RNA (siRNA) (Figure S1F), removed the mitochondrial proteins recognized by 

Akt cons Ab in hypoxia, confirming the specificity of this response and Akt-directed 

phosphorylation activity in mitochondria in hypoxia. Silencing Akt1 had minimal effect 

(Figure S1F). siRNA silencing of HIF1α did not affect Akt recruitment to mitochondria in 

hypoxia (Figure S1G), suggesting that this pathway did not require HIF1-dependent 

transcription. In addition, depletion of HIF1α did not affect Akt levels in the cytosol or 

mitochondria under normoxic conditions, whereas phosphorylated Akt2 levels were 

increased in the cytosol in response to hypoxia (Figure S1G). As detected by Akt cons Ab, 

the expression levels of downstream Akt-phosphorylated target molecules were unchanged 

in normoxic or hypoxic conditions (Figure 1F). In response to hypoxia, active Akt was 

found predominantly in the mitochondrial inner membrane, and, to a lesser extent, the 

matrix (Figure S1H).

The mechanism(s) of how Akt is recruited to mitochondria in hypoxia was further 

investigated. We found that blocking the chaperone activity of heat shock protein-90 
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(Hsp90) with 17-allylaminogeldanamycin (17-AAG) prevented the accumulation of 

mitochondrial Akt in hypoxia (Figure 1G). Also, scavenging mitochondrial ROS with 

MitoTempo (MT) inhibited Akt recruitment to mitochondria (Figure 1H). The antioxidant 

N-acetyl cysteine (NAC) had no effect (Figure 1H), identifying mitochondria-derived ROS 

as a critical stimulus for mitochondrial accumulation of Akt in hypoxia.

PDK1 is a phosphorylation target of mitochondrial Akt in hypoxia

We next set up a 1D proteomics screen to identify mitochondrial proteins phosphorylated by 

Akt in hypoxia (Figure 2A). Immune complexes precipitated with Akt cons Ab from 

normoxic or hypoxic PC3 cells contained bands with ~35 to ~120 kDa molecular weight that 

were more abundant in hypoxia (Figure S2A). Preclearing mitochondrial extracts with Akt 

cons Ab removed most of these proteins, validating the specificity of the 

immunoprecipitation step. From these experiments, we identified by mass spectrometry 84 

high-confidence Akt substrates differentially expressed in hypoxia (Table S1). Sixteen of 

these molecules were known mitochondrial proteins (Figure 2B), including hypoxia- and 

HIF1-regulated effectors of bioenergetics (UGP2, SLC2A1, PDK1, HK2), extracellular 

matrix remodeling (P4HA1), Ca2+ homeostasis at the ER-mitochondria interface (Ero1L), 

oxidative phosphorylation (LonP1, IBA57), and metabolism (Acot9). Due to previously 

published work suggesting the importance of PDK1 in the tumor hypoxic response, we next 

focused on PDK1 as a potential substrate of mitochondrial Akt in hypoxia. In kinase assays, 

active Akt1 or Akt2 readily phosphorylated PDK1, as well as control GSK3β, as determined 

by Western blotting with Akt cons Ab (Figure 2C). This phosphorylation event was selective 

for PDK1, as related PDK2, PDK3 or PDK4 isoforms were unreactive (Figure 2D). In 

addition, PDK1 immune complexes reacted with Akt cons Ab preferentially in hypoxia 

(Figure 2E), and reciprocally, immune complexes precipitated with Akt cons Ab in hypoxia 

contained PDK1 (Figure S2B), consistent with the model of Akt phosphorylation of PDK1 

in hypoxia.

We next looked for potential Akt phosphorylation sites in PDK1 by LC-MS/MS analysis of 

chymotrypsin digests of Akt-phosphorylated PDK1 in a kinase assay separated by SDS-

PAGE (Figure S2C). We identified Thr346 (T346) in a number of PDK1 chymotryptic 

peptides, including the sequence STAPRPRVEpTSRAVPL (m/z=908.9751) as the sole 

phospho-amino acid modified by Akt1 or Akt2, compared to control (Figure 2F). The PDK1 

sequence surrounding T346 matched an Akt consensus phosphorylation site, RxRxxS/T 

(Figure S2D), which was not present in PDK2, PDK3 or PDK4 (Figure S2E). Consistent 

with these data, active Akt2 phosphorylated wild type (WT) PDK1 but not a 

phosphorylation-defective Thr346→Ala (T346A) PDK1 mutant in transfected PC3 cells 

(Figure 2G). In the PDK1 crystal structure, T346 is predicted to localize to a flexible, “ATP 

lid” hinge region (Figure 2H), positioned to affect ATP loading and kinase activation.

To independently validate these findings, we next generated a phospho-specific antibody to 

phosphorylated T346 (pT346 Ab) in PDK1. The pT346 Ab dose-dependently reacted with 

the phosphorylated PDK1 peptide CAPRPRVE(pT)SRAVPLA, but not the non-

phosphorylated sequence (Figure S2F). A second antibody raised against the non-

phosphorylated sequence recognized the non-phosphorylated PDK1 peptide (Figure S2G). 
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Under these conditions, pT346 Ab reacted with Akt2-phosphorylated WT PDK1, but not 

T346A PDK1 mutant (Figure 2I). Consistent with the model that T346 phosphorylation is 

hypoxia-sensitive, WT PDK1, but not T346A PDK1, precipitated from hypoxic PC3 cells 

reacted with pT346 Ab (Figure 2J). pT346 Ab only weakly reacted with WT or T346A 

PDK1 precipitated from normoxic cells (Figure 2J).

Finally, we generated clones of PC3 cells stably silenced for endogenous PDK1 by short 

hairpin RNA (shRNA). pT346 Ab did not react with these cells in normoxia (Figure S2H). 

In contrast, pLKO transfectants reacted with pT346 Ab in hypoxia, and this response was 

abolished by shRNA silencing of PDK1 (Figure S2H).

Akt-PDK1 phosphorylation axis in hypoxia

Expression of WT PDK1 in hypoxic PC3 cells increased the phosphorylation of the E1α 
catalytic subunit (PDHE1) of the PDC (Figure 3A) on site 1 (Ser264 in the mature protein), 

one of three regulatory phosphorylation sites (Patel et al., 2014). Conversely, expression of 

T346A PDK1 mutant reduced PDHE1 phosphorylation in hypoxia (Figure 3A), and no 

PDHE1 phosphorylation was detected in normoxia (Figure 3A). Immune complexes of WT 

or T346A PDK1 mutant contained comparable amounts of the PDC component, PDHE1α, 

suggesting that T346 does not contribute to a PDK1-PDC complex (Figure S3A). In a kinase 

assay, active Akt2 increased PDK1 phosphorylation of PDHE1 (Figure 3B). While WT 

PDK1 phosphorylated PDHE1 in the presence of Akt2 (Figure 3C), T346A PDK1 mutant 

was ineffective (Figure 3C). Consistent with these data, increased PDHE1 phosphorylation 

was detected only in the presence of Akt2 and PDK1, but not PDK2, PDK3 or PDK4 

(Figure S3B). Silencing of Akt2 inhibited PDHE1 phosphorylation in hypoxia, whereas 

Akt1 knockdown only had a partial effect (Figure 3D). As a complementary approach, we 

used a pan-Akt small molecule inhibitor, MK2206, which indistinguishably suppressed Akt 

phosphorylation in hypoxia and normoxia (Figure S3C). Incubation of PC3 cells with 

MK2206 suppressed PDHE1 phosphorylation in hypoxia (Figure 3E). This response was 

specific because PDK1 immunoprecipitated from MK2206-treated cells also failed to 

phosphorylate PDHE1 in a kinase assay in hypoxia (Figure S3D). In normoxia, MK2206 

had no effect on PDHE1 phosphorylation in cell extracts (Figure 3E) or in a kinase assay 

with immunoprecipitated PDK1 (Figure S3D), validating the specificity of Akt-directed 

phosphorylation in hypoxic conditions.

As an independent approach, we next generated WT or kinase-dead (KD) Akt2 constructs 

targeted to the mitochondria by the cytochrome c oxidase subunit 8 mitochondrial import 

sequence. Similar to the endogenous protein, mitochondrial-targeted Akt2 accumulated in 

the various submitochondrial fractions (Figure S3E). Functionally, mitochondrial-targeted 

Akt2-KD inhibited PDHE1 phosphorylation in hypoxic PC3 cells (Figure 3F), whereas non-

mitochondrial targeted Akt2-KD had no effect. There was no PDHE1 phosphorylation in the 

cytosol of hypoxic or normoxic tumor cells, and Akt2-KD or mitochondrial-targeted Akt2-

KD had no effect in these settings (Figure S3F). Reciprocally, forced expression of 

mitochondrial-targeted WT Akt2 was sufficient to increase PDHE1 phosphorylation even in 

the absence of hypoxia (Figure S3G).
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Finally, we reconstituted PDK1-depleted cells with various PDK1 cDNAs. Expression of 

WT PDK1 in these settings restored PDHE1 phosphorylation in hypoxia, whereas T346A 

PDK1 mutant had no effect (Figure 3G). With respect to its enzymatic function, PDK1 

knockdown increased PDH activity in normoxic PC3 cells (Figure 3H). Hypoxic cells 

showed reduced PDH activity, and this response was partially rescued by shRNA silencing 

of PDK1 (Figure 3H). Reconstitution of these cells with WT PDK1, but not T346A PDK1 

mutant, suppressed PDH activity in hypoxia (Figure 3I). In addition, expression of Akt-KD 

or mitochondrial-targeted Akt-KD in PC3 cells had no effect on PDH activity in normoxia, 

but modestly elevated PDH function in hypoxia (Figure S3H), consistent with loss of an 

Akt-regulated inhibitory function of PDK1 in these settings. Vector or non-mitochondrial 

targeted Akt2-KD had no effect (Figure S3H).

Mitochondrial Akt-PDK1 phosphorylation controls tumor metabolic reprogramming

To understand how mitochondrial Akt-PDK1 signaling affects tumor behavior, we first 

looked at potential changes in cancer metabolism. Consistent with previous studies, hypoxia 

stimulated glycolytic metabolism in tumor cells, characterized by increased glucose 

consumption (Figure 3J) and lactate production (Figure 3K). Mitochondrial Akt-PDK1 

signaling was important for this response, as PDK1 knockdown reduced glucose 

consumption in hypoxia, whereas reconstitution of targeted cells with WT PDK1, but not 

T346A PDK1 mutant, restored glycolysis (Figure 3J). Similarly, Akt inhibition with 

MK2206 (Figure 3K) or silencing of Akt2 (Figure 3L) impaired metabolic reprogramming, 

reducing lactate production in hypoxia. Normoxic cultures were not affected (Figures 3K 

and 3L), and Akt1 knockdown had only partial effect (Figure 3L). Consistent with a 

metabolic switch towards glycolysis (Kim et al., 2006; Papandreou et al., 2006), PC3 cells 

reconstituted with WT PDK1 exhibited reduced oxygen consumption, a marker of oxidative 

phosphorylation, whereas expression of T346A PDK1 mutant restored oxygen consumption 

(Figure 3M), further supporting a role of mitochondrial Akt-PDK1 signaling in hypoxic 

metabolic reprogramming.

Mitochondrial Akt-PDK1 phosphorylation in vivo

When analyzed in time-course experiments, hypoxia increased phosphorylation of Akt1 and 

Akt2, as well as PDHE1 starting at 3 and 6 hr, respectively (Figure S4A). The overall 

hypoxic response under these conditions was cell type-specific. Akt inhibition strongly 

reduced PDHE1 phosphorylation in prostate adenocarcinoma (DU145), lung 

adenocarcinoma (A549) and glioblastoma (LN229), but had no effect on PDHE1 

phosphorylation in breast adenocarcinoma cells MCF-7 (ER+) or MDA-231 (ER−) (Figure 

S4B). Knockdown of PTEN in MCF-7 cells increased PDHE1 phosphorylation in normoxia 

and, to a lesser extent, hypoxia, whereas LN229 cells were unaffected (Figure S4C), 

suggesting that PTEN status may differentially affect hypoxia-stimulated mitochondrial Akt-

PDK1 signaling depending on the tumor cell type.

To examine a more “physiologic” model of tumor hypoxia, we next looked at 3D cultures of 

patient-derived, stem cell-enriched GBM neurospheres (Di Cristofori et al., 2015). These 

cultures become hypoxic in their “core”, as determined by expression of a hypoxia probe 

(Figures 4A and S4D and S4E). Under these conditions, GBM neurospheres exhibited 
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strong phosphorylation of PDK1, as determined by immunofluorescence with pT346 Ab 

(Figure 4A). Conversely, differentiated GBM cells depleted of stem cells and growing as 

monolayers were normoxic, contained cytosolic HIF1α, and did not react with pT346 Ab 

(Figure 4A). Pre13 absorption of pT346 Ab with the immunizing peptide abolished 

reactivity with GBM (Figure S4D).

Next, we looked at Akt phosphorylation of PDK1 in primary, patient-derived GBM tissue 

samples (Table S2). GBMs with a high score (≥2) for nuclear HIF1α showed increased 

phosphorylation of PDK1 by Akt (pT346 Ab), as well as phosphorylation of PDHE1 and 

Src, a major determinant of glioma invasiveness (Du et al., 2009), in hypoxic areas (Figures 

4B and S4F). In contrast, GBMs with undetectable nuclear HIF1α (score = 0) showed low 

to undetectable levels of PDK1-PDHE1 phosphorylation (Figures 4C and S4F). In these 

patients, phosphorylation of PDK1 (pT346 Ab) (Figure 4D) or PDHE1 phosphorylation 

(Figure 4E) correlated with expression of nuclear HIF1α. Reciprocally, PDHE1 

phosphorylation correlated with the expression of Akt-phosphorylated PDK1 (pT346 Ab) 

(Figure 4F), reinforcing a link between hypoxia and mitochondrial Akt-PDK1 

phosphorylation in primary patient samples.

Mitochondrial Akt-PDK1 regulation of tumor cell proliferation in hypoxia

To test a role of a mitochondrial Akt-PDK1 signaling in tumor growth in vivo, we first 

utilized human U251 GBM cells expressing a luciferase reporter under the control of a 

HIF1-responsive element (HRE) and a mCherry reporter under a constitutive PGK promoter 

to quantify cell viability. Stereotactic intracranial injection of these cells in 

immunocompromised mice gave rise to GBMs characterized by HIF1-directed luciferase 

activity and reactivity with a hypoxia-sensitive marker (Figures 5A and 5B). Despite low 

oxygenation, these orthotopic GBMs remained viable, as determined by high mCherry 

expression (Figures 5A and 5B) and exhibited a time-dependent increase in the number of 

mitotic tumor cells (Figure S5A). These proliferating cells stained intensely positive for Akt-

phosphorylated PDK1 (Figures 5C and S5B and S5C), correlating with increased HIF1 

activity (Figure S5D). PDHE1 was also highly phosphorylated in intracranial GBMs (Figure 

5C).

We next tested the requirement of mitochondrial Akt-PDK1 signaling in regulating 

proliferation under hypoxic conditions. siRNA knockdown of Akt1 or Akt2 (Figure 5D) or 

stable shRNA knockdown of PDK1 (Figure 5E) suppressed tumor cell proliferation in 

hypoxia. Normoxic cultures were partially affected (Figures 5D and 5E). When cells were 

analyzed for cell cycle transitions, MK2206 or the PDK1 inhibitor dichloroacetate (DCA) 

suppressed S-phase progression in hypoxia and increased the population of tumor cells in 

G1/sub-G1 phase (Figure S5E). Finally, stable silencing of PDK1 abolished PC3 colony 

formation in hypoxia, a marker of tumorigenicity (Figures 5F and 5G), whereas normoxic 

growth was not significantly affected. Together, these data point to an important role of 

mitochondrial Akt-PDK1 signaling in maintaining tumor cell proliferation in hypoxia.
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groups was quantified at the indicated time intervals for 20 days. Data were analyzed using 

the two-sided unpaired Student's t test. Mean±SEM. *, p=0.01–0.02; ***, p<0.0001.

(C) PC3 cells stably transduced with pLKO or PDK1-directed shRNA were reconstituted 

with vector, WT PDK1 or T346A PDK1 mutant and injected s.c. in immunocompromised 

mice with determination of tumor growth after 18 days. Each point corresponds to an 

individual tumor. (D and E) Tumors harvested from the animals in (C) were analyzed for 

histology (D) and cell proliferation (top, Ki-67), autophagy (middle, LC3-II) or apoptosis 

(bottom, TUNEL) was quantified (E). The statistical analysis of the various groups by 

ANOVA is as follows: Ki-67, p<0.0001; LC3, p=0.024; TUNEL, p=0.039. Scale bars, 100 

µm.

(F and G) Superficial flank tumors of PC3 cells transduced with control pLKO or PDK1-

directed shRNA were harvested after 18 day and processed for immunohistochemistry (F) 

with quantification of reactivity for Ki-67 (top), LC3 (middle) or TUNEL (bottom) (H). 

Representative images per each condition are shown. (n=3, 10 images per mouse), Mean

±SD. Scale bars, 100 µm.

(H) Schematic model of a mitochondrial Akt-PDK1-PDHE1 phosphorylation axis in 

hypoxic tumor reprogramming.
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Figure 8. Mitochondrial Akt phosphorylation of PDK1 is a negative prognostic marker in human 
gliomas
(A) Representative micrographs of immunohistochemical staining of non-neoplastic human 

brain parenchyma (normal) or grade II-IV gliomas (WHO classification) with PDK1 pT346 

Ab. OD, oligodendroglioma; AOD, anaplastic OD; GBM, glioblastoma. Scale bar, 100 µm.

(B) Quantification of pT346 staining in a series of human brain tumors (n=116) and 85 

nonneoplastic brain parenchyma using a two-factor scoring system that considers the 

percentage of positive cells and the intensity of the staining (pPDK1 score). ***, p<0.0001; 

**, p=0.002 by Mann Whitney U-test. Each symbol represents an individual patient.

(C–E) Differences in pPDK1 score in human brain tumors as in (B) (n=116) according to 

nuclear HIF1α expression (C, **, p=0.008 by Mann Whitney U-test), IDH1 mutation status 

(D; *, p=0.02 by Mann Whitney U-test), or MGMT promoter methylation (D; *, p=0.01 by 

Mann Whitney U-test). Data are presented as Tukey box-and-whisker plots. The bottom and 

top of the box represent the first and third quartiles, and the band inside the box represents 
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